Recent studies using biotinylated in situ hybridization (ISH) have utilized a wide range of detection protocols for the biotinylated hybrids, leading to conflicting reports in the literature regarding sensitivity. In this study we compared 11 different detection protocols for biotinylated ISH using a measles virus-specific RNA probe on formalin-fted, paraffin-embedded central nervous system tissue infected with measles virus. Maximum sensitivity was achieved with fivestep detection protocols incorporating the use of a monoclonal antibody to biotin. Single-step detection protocols were found to be insensitive, as shown by their failure to detect
Introduction
In situ hybridization, the ability of nucleic acid sequences to bind to their complementary sequences in cells, is a technique that can be used to advance information about the relative distribution of these sequences in tissue or cell preparations. Non-radioactive probe systems, of which biotin is the most widely used, have the advantage of yielding results much more quickly and providing much higher histological resolution than radioactive systems. They are also compatible with other histological procedures.
The sensitivity of biotin-labeled ISH probes and the reproducibility of experiments depends not only on the quality of the synthesized probe and pre-hybridization and hybridization protocols but also on the sensitivity of the detection system. Many immunocytochemical methods exist to detect hybridized probe. The primary requirement for any detection system is for a molecule (antibody or avidin/streptavidin) to react with the biotin molecule on the biotinylated hybrid. This is then visualized either directly through an attached label or by indirect or multistep procedures.
Recent publications (1,9,22,27,28) have reported conflicting results regarding detection protocols for a biotinylated probe, utilizing either an initial application of streptavidin and/or poly-or monoclonal antibodies to biotin. Because of this disparity in the litera- ture, this project was undertaken to compare 11 detection protocols for a biotinylated single-stranded RNA probe on tissue sections of formalin-fixed, paraimembedded material which had been optimally pre-treated before hybridization (19).
Materials and Methods

Tissue Preparation
Blocks of brain tissue (frontal cortex and temporal lobe), taken at post mortem from a case of subacute sclerosing panencephalitis (SSPE), a persistent measles virus infection in humans (5). were fixed in 4% formalin, then processed using a double-embedding method (8) to paraffin wax in an automatic tissue processor (Shandon Elliott; Cheshire, UK). Blocks from normal brain tissue were processed in a similar fashion to serve as negative control. Sections were cut from all blocks on a rotary microtome (Reichert-Jung) at 4 pm, mounted on activated slides prepared by the method of Maddox and Jenkins (15), and after drying at 60'C for 30 min were stored at room temperature before use.
Preparation of Measles Probe
A linearized template of a subcloned cDNA fragment, representing the 3' sequence of the measles virus nucleocapsid gene, inserted in the BAM H1 site of the vector pGEM I (Promega; Madison, WI). was obtained from M. Taylor (Genetic Engineering Division, School of Biology and Biochemistry, Queen's University Belfast). This template and a control pGEM I vector sequence were labeled with biotin-ll-UTP (Bethesda Research Laboratories; Paisley, Scotland) by in vitro transcription using T7 bacteriophage 569 RNA polymerase as previously described (6) . Transcription was carried out for 1 hr at 37°C. The reaction was terminated by the addition of 2 pl of RNAse-free DNAse (1 Ulvl; Promega) for 15 min at 37'C. The volume was then made up to 200 p1 with DEPC.H20 and passed over a G5O spin column to remove the unincorporated biotin-11-UTP (16). Transcription of the linearized MV EDNA template generated a 213-nucleotide RNA probe complementary to the negative-sense genomic RNA sequence. Biotin incorporation in both the MV probe and control vector pGEM I sequences was measured using a dot-blot detection system (BRL, cat. no. 8239SA). The biotinylated probes were stored in aqueous form at -20°C.
In situ Hybridization
Sections from selected blocks were first de-waxed through two changes of xylene and rehydrated through graded alcohols to running tapwater. Endogenous peroxidase activity was blocked by a 10-min incubation in 3% H202 in methanol, followed by a 5-min wash in running tapwater. Sections were then treated with 0.5 mglml of protease VI11 (Sigma, Dorset, UK; cat. no. P5380) in PBS (150 mM NaCl with 10 mM Na2HP04, 1.5 mM KH2P04, pH 7.2) for 5 min at room temperature (19) . Sections were subsequently washed twice for 5 min in sterile deionized water, then airdried immediately before hybridization. Hybridization buffer [ 50% (vlv) deionized formamide, 25% (vlv) 20 x SSC, 10% (v/v) Denhardt's solution (Sigma), 2.5% salmon sperm DNA(10mglml; Sigma), 5% yeast tRNA (10 mglml: Sigma), 7.5% sterile H202, with 10% (wlv) dextran sulfate (Sigma)] was prepared just before use. The buffer was boiled for 4 min before immediate transfer to ice. Pre-treated tissue sections were covered with 100 PI of hybridization buffer containing 200 ng of biotinylated MV or pGEM I vector probe. The slides were then placed in a humidified atmosphere and hybridized at 37'C overnight. After hybridization, washes were carried out as follows: (a) in washing buffer (0.6% NaCI, 10 mM Tris-HCI, pH 7.0, 1 mM EDTA) at room temperature for 5 min; (b) in 45% (vlv) formamide in washing buffer for 30 min at room temperature; (c) in 1 x SSC for 5 min at room temperature; (d) in 0.1 x SSC at 40°C for 30 min; and (e) in PBS, two 5-min washes at room temperature.
Detection Methods for Hybridized Probes
Antibodies and Related Products. Mouse monoclonal antibody to biotin was obtained from Dakopatts (High Wycombe, UK; clone no. BK-1/39) and polyclonal goat antibody to biotin from Vector Laboratories (Peterborough, Cambridge, UK; cat. no. SP-3000). Histostain SP kits for both mouse (cat. no. 95-6543) and goat (cat. no. 95-6243) primary antibodies were obtained from Zymed Laboratories (Burlingame, CA). These kits contain biotinylated anti-mouse or -goat immunoglobulins matched to streptavidin-peroxidase conjugate. All other antibodies used were obtained from Dakopatts (Glostrup, Denmark).
Staining Protocols. All primary and secondary antibodies were diluted in PBS. Dilutions, incubation times, and temperatures of reaction were carried out according to manufacturer's instructions and using results obtained in previous studies (lJ8.19). All wash steps were twice for 5 min in PBS.
Protocol I
a. Streptavidin-peroxidase (Zymed) 1:20, 30 min, 37°C. b. Streptavidin-alkaline phosphatase (Zymed) 120, 30 min, 37°C. 
Visualization of EnzymeJ
Sections were given a further wash in PBS for all the detection protocols. Peroxidase was visualized by addition of the substrate 3-amino-9-diethylcarbazole (Zymed) for 10 min. Sections were then washed in running tapwater for 5 min. counterstained with hematoxylin, and mounted in glycerine jelly. For visualization of alkaline phosphatase, sections were further washed in Dis-buffered saline (TBS 0.01 M Tris, 0.15 M NaCI, pH 9.5, with 0.1 M HCI), then incubated in NBT/BCIP substrate (2) at 37°C and color development monitored by light microscopy. Sections were then washed in running tapwater for 5 min, counterstained in 0.1% neutral red, and mounted in glycerine jelly.
Assessment Procedure
Each protocol was used on serial sections from three tissue blocks which had been shown to contain measles virus antigen by immunocytochemistry (19). Comparison of sensitivity was based on the numbers of positive cells in 24 corresponding microscopic fields (12 gray matter and 12 white matter areas). Intensity of background reaction was also used to compare each protocol. 
Results
11
, and III), small numbers of positive cells with weak staining intensity were detected. These cells were predominantly seen in gray matter ueas and were identified morphologically as neurons (Figure la) . By Protocol IV, which makes use of the biotinlstreptavidin reaction, a much larger number of positive neurons with strong staining intensity were detected in the gray matter ( Figure Ib) . In the white matter fields examined, only a few positive cells with weak staining intensity were detected. Fewer positive cells were detected when an avidin-biotinylated peroxidase complex was used as the final step in the three-step procedure (Protocol V). This protocol, although detecting the positive neurons in the gray matter, failed to detect many of the positive cells seen in the white matter with Protocol IV. The intensity of reaction within individual cells was also weaker than when streptavidin-peroxidase was used as the final step in the reaction.
Similarly, use of polyclonal goat anti-biotin as part of a threestep detection procedure (Protocol VI) did not detect as many cells as using the monoclonal anti-biotin. In addition, background staining, especially in the white matter areas, made interpretation of positivity difficult. Protocols VI1 and X, which make use of amplification reactions 
Discussion
The experiments detailed here examine 11 detection protocols for a biotinylated single-stranded RNA probe and compare their sensitivity for the detection of measles virus in formalin-fixed CNS tissue, Pre-hybridization and hybridization protocols for the tissue samples used in these experiments were identical, thus ensuring that any variation in sensitivity of detection of viral nucleic acid was due to the effectiveness of the detection protocols alone, these being the only variables. The results show that only protocols with at least three steps are of value in detecting the hybridized probe. The specificity of the hybridization reaction was confirmed using vector sequence probes and by the absence of signal on normal brain sections. One-step detection protocols based on the application of streptavidin or avidin-enzyme conjugates have been used successfully by other workers (3,11,24,28). However, when comparative studies on different detection protocols for biotinylation in situ have been carried out (1, 7, 9, 14, 20, 21, 23) , one-step detection protocols have been shown to be relatively insensitive. The progressive increase in sensitivity obtained when moving to multistep streptavidin-biotin protocols was expected from immunocytochemical comparisons on the detection of antigens in tissues (4.12). These protocols all make use of the extremely strong interaction of streptavidin with biotin. Large numbers of cells (especially in white matter areas) that were negative by one-and twostep methods were positive when amplified by this interaction.
In theory, it would be expected that using a streptavidinbiotinylated enzyme complex (SABC) as the final step in the threestep detection protocol would be more sensitive than using a strep-tavidin-peroxidase conjugate (SPC). However, our results indicate that SPC was more sensitive than SABC. This increase in sensitivity of SPC over SABC has also been reported for the immunocytochemical detection of carcinoembryonic antigen, using a monoclonal antibody in colorectal carcinoma tissues, by Shi et al. (25) . The lower signal obtained with the SABC may be due to the formation of a lattice-like polymerization of streptavidin with biotin-peroxidase molecules (12), resulting in steric hindrance and preventing optimal detection of antigen or probe (26) . The use of monoclonal anti-biotin was found superior to polyclonal anti-biotin, both in terms of sensitivity and in minimizing background reactions. Monoclonal antibodies usually react only with a single determinant on any individual molecule, whereas polyclonal antibodies recognize a number of different antigenic sites on a target molecule. In consequence, it might be expected that polyclonal antisera will allow a greater accumulation of IgG molecules on an individual target molecule (biotin) in the tissue sample, leading to greater intensity of immunocytochemical staining than can be achieved using monoclonal antibodies. However, this theoretical objection to monoclonal antibodies is not supported by practical experience. Evidence has shown that the strongest reactions obtained with monoclonal antibodies are fully comparable to those obtained using polyclonals (17). In addition, polyclonal antisera also contain nonspecific antibodies, directed against unrelated antigens, which can produce unwanted background staining. Monoclonal antibodies, in contrast, are largely free from this problem.
The most sensitive protocols utilized double application of either the monoclonal anti-biotin or the alkaline phosphatase-antialkaline phosphatase complex, resulting in very strong signal in many cells with very little background staining. The need for these multistep protocols was found to be of particular importance in virus-infected white matter areas of the CNS where the one-and two-step procedures were clearly inadequate for optimal detection of biotinylated hybrids. However, the signal generated with the alkaline phosphatase substrate NBT/BCIP was found less satisfactory than the signal using peroxidase and AEC, owing to the ddfuse nature of the NBT/BCIP reaction product (18) . The fact that no increase in sensitivity was obtained when the monoclonal was applied three times indicates that under the pre-hybridization and hybridization conditions described, a maximal amount of hybridized probe is being detected by the five-step protocols.
In theory, the effectiveness of using a monoclonal antibody as an initial step in the detection of biotinylated hybrids should be less sensitive than using streptavidin-based first-layer detection because of the high affinity constant of streptavidin for biotin. One possible explanation for our results could be that formalin fixation of tissues makes penetration of large molecules difficult. Whereas monoclonal antibodies have a molecular weight of approximately 150 KD (lo), a streptavidin-enzyme complex has a molecular weight of 300 KD and would not diffuse through the tissue so easily. Although the possibility of steric hinderance between the large streptavidin and small biotin moieties cannot be ruled out as an explanation for the poor results with the one-step protocols, the possibility that we overlabeled the probe with biotin, thus providing an increased steric hindrance phenomenon, was ruled out by estimation of the biotin content of the probe to be 10-20%, agreeing with the optimal labeling concentration reported by Unger et al. (28) .
It may be expected that the PAP method which, like streptavidin-peroxidase, avoids steric hindrance, might give as strong a signal. However, this was not the case, as large numbers of cells in the white matter which were negative by the PAP method were positive with the five-step detection protocols. There could be several explanations for the superiority of SP over PAP. First, there are differences in the secondary antibody. With the PAP technique each unlabeled secondary "link" antibody binds one PAP complex. However, with the the SP approach, each secondary antibody molecule may have several biotin residues, allowing several SP molecules to be bound and greater amplification to be obtained. Second, the binding affinity of streptavidin for biotinylated antibody is much higher than the binding affinity of the link antibody for the PAP reagent.
The results obtained here on sensitivity of detection protocols and those reported previously on pre-hybridization and hybridization strategies (1, 18, 19) have a number of important implications for the use of ISH in the study of viral infections in both humans and animals. In studies of viral pathogenesis, cell types with low viral gene-copy numbers may not be detected with less than optimized protocols, thus leading to false conclusions about viral distribution. This point is emphasized by the finding, by ISH, of endothelial cell infection in SSPE brain tissue (13). The five-step detection protocol was required to detect the small quantities of virus present in the endothelial cells.
Negative results could also be obtained, when using inadequate protocols, in tissues containing viral genome submitted for diagnosis, owing to the presence of low gene-copy numbers and/or to suboptimal processing before receipt in the laboratory.
